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We predict and experimentally verify an entoptic phenomenon through which humans are able to
perceive and discriminate structured light with space-varying polarization. Direct perception and
discrimination is possible through the observation of distinct profiles induced by the interaction
between the polarization gradients in a uniform-intensity beam and the radially symmetric dichroic
elements that are centered on the foveola in the macula of the human eye. A psychophysical study
was conducted where optical states with coupled polarization and orbital angular momentum (OAM)
were directed onto the retina of participants. The participants were able to correctly discriminate
between two states, differentiated by OAM = ±7, with an average success probability of 77.6%
(average sensitivity d′ = 1.7, t(9) = 5.9, p = 2×10−4). These results enable new methods of robustly
characterizing the structure of the macula, probing retina signalling pathways, and conducting
experiments with non-separable optical states and human detectors.
The complexity and richness of the human visual sys-
tem makes it a focus point of incredibly diverse research.
Recent technological advances in optics have enabled ac-
curate probing of human visual perception capabilities
and limits. For example, it was shown that humans are
able to detect single quanta of light, or photons, with
a probability greater than chance [1]. The long stand-
ing question being whether a single photon incident on a
photoreceptor can be perceived [2–5]. In this letter we ex-
plore a novel domain of human vision by experimentally
verifying an entoptic phenomenon through which humans
perceive and discriminate different forms of structured
light with space-varying polarization. A pictorial repre-
sentation is shown in Fig. 1a, where space-varying polar-
ization profiles are realized via optical states with coupled
polarization and orbital angular momentum (OAM). We
demonstrate that the OAM modes of this particular form
of structured light induce distinct entoptic images in hu-
mans.
The ability to perceive space varying polarization in
structured light may be derived from an entoptic phe-
nomenon through which humans can perceive the polar-
ization state of light. [6]. When viewing polarized light,
a bowtie-like shape (known as “Haidinger’s brush”) ap-
pears in the central point of the visual field. Although
the exact physiological origin of the Haidinger’s brushes
is not fully understood, the prominent theory suggests
that the perception of Haidinger’s brushes depends on
the presence of radially symmetric dichroic elements that
are centered on the foveola [7]. This has led to studies on
the use of Haidinger’s brushes to assess central visual field
dysfunction and age-related macular degeneration [8, 9],
and macular pigment density [10].
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The orientation of the Haidinger’s brush depends on
the polarization state of light. Linearly polarized light
induces a brush oriented perpendicular to the polariza-
tion direction [6], while the brush appears rotated ≈ 45◦
clockwise (counter-clockwise) when viewing left (right)
circularly polarized light [11]. However, retinal adapta-
tion causes Haidinger’s brushes to disappear after a few
seconds if the polarization direction relative to the eye
does not change. It has been found that stable perception
of the brushes is achieved when the linear-polarization
source is rotated at ≈ 1 Hz [12]. One may observe the
behaviour of Haidinger’s brushes by looking at the light
scattered in the clear sky ≈ 90◦ from the sun [13]. With
some practice, a brush may be observed that points to-
wards the sun.
In this study we consider perception of structured light
with a polarization direction that varies across the beam.
The general form of the transverse wavefunction of a
spatially dependant optical state travelling along the z-
direction is given by:
|Ψ〉 = A1(r, φ) |R〉+ eif(r,φ)A2(r, φ) |L〉 , (1)
where we have used the bra-ket notation for convenience,
(r, φ) are the cylindrical coordinates, and |L〉 and |R〉
denote the left and right circular polarization.
As shown in Fig. 1b, the macular pigment molecules
(red) in the human macula are bound to the radially
oriented Henle fibers (orange) that surround the fove-
ola [7]. The accepted model for the action of the macula
on the incoming light is to treat it as a radial polar-
ization filter [14–16], a concept dating back to Maxwell
and Helmholtz [17, 18]. The operator of the macula can
therefore be expressed as:
|M〉 〈M | = 1
2
(
1 e−i2φ
ei2φ 1
)
(2)
Several theories have been put forward in order to ac-
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FIG. 1. a) Pictorial representation of structured light, composed of a coherent superposition of a planar right-circularly polarized
state and a helical left-circularly polarized state, being directed onto the retina of an observer. The helical state carries orbital
angular momentum (OAM) and its phase varies along the azimuthal coordinate φ. b) In the macula of the human eye the
macular pigment molecules (red) are bound to the radially oriented Henle fibers (orange) that surround the foveola. The radial
symmetry of these dichroic elements (polarization filter direction shown by black arrows) coincides with the symmetry of the
polarization coupled OAM beams shown in a). c) Depending on the OAM of the helical beam the participant observes a
different unique signature when looking in the vicinity of the beam’s origin. Shown are the examples for ` = 0, 3, 7,−7. The
number of azimuthal fringes that a human sees is equal to |` − 2|. The ` = 0 case depicts the Haidinger’s brush profile when
horizontally polarized light is observed.
count for the human perception of circularly polarized
light. Good agreement is found when accounting for
corneal birefringence that is uniformly along the visual
axis [14, 19, 20]. The corresponding operator is given by:
Um = e
iασˆx (3)
where σˆx is the Pauli operator. The clarity of the brush
when viewing circularly polarized light is determined
by the total amount of phase (α) that the ocular bire-
fringence induces, which is subject to individual varia-
tion [14, 19, 20]. The two operators of Eq. 2 & 3 acting
on a polarized light beam reproduce with good agreement
the reported descriptions of the Haidinger’s brushes.
The same equations can be used to predict how hu-
mans would perceive structured light and polarization
gradients. It follows that the profile that a person would
perceive when viewing an arbitrary structured light beam
is given by:
I = | 〈M |Um |Ψ〉 |2 (4)
where |Ψ〉 is given by Eq. 1. The radial symmetry of the
macula in the human eye coincides with the symmetry
of polarization coupled OAM states. The eye operator
in Eq. 2 possesses an ei2φ term, whereas OAM states are
associated with a helical phase front which is described
by the factor ei`φ in the wave function, where φ is the az-
imuthal coordinate and ` is the OAM number. The emer-
gence of structured beams and OAM states in light [21],
electrons [22–24], and neutrons [25–27] has revolution-
ized quantum technologies and enabled numerous appli-
cations in microscopy, quantum information processing
protocols, material characterization, and manipulation of
matter [28–38]. Here we extend the control of structured
light to visual science applications.
The schematic of the experimental setup is shown in
Fig. 2. The laser light was attenuated to <1 µW/mm2
at the location of the observer in order to conform to the
guidelines for laser exposure time outlined by the Inter-
national Commission on Non-Ionizing Radiation [39]. A
spiral phase plate (SPP) [40] was placed in one arm of a
Michelson interferometer along with standard polariza-
tion components. The SPP in reflection mode induced
OAM of ` = 7 for λ = 450 nm light. The setup thus
allowed us to prepare and switch between the following
two states:
|Ψ±〉 = 1√
2
(
|R〉+ eiθ(t)e±i7φ |L〉
)
, (5)
where θ(t) is a linear phase in time which acts to rotate
the polarization profile of the beam, analogous to rotat-
ing the polarization direction of a beam to induce high
clarity Haidinger’s brush [12]. By translating the mirror
along the beam propagation direction we varied θ(t) by
≈ 2pi/7 rad/s. For a complete description of the param-
eters in the setup see Appendix A. It follows from Eq. 5
that the left circular polarization state of |Ψ±〉 carries an
OAM of ±`, and that the spatially dependant phase shift
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FIG. 2. Schematic of the experimental setup where a Michelson interferometer along with a spiral phase plate (SPP) and stan-
dard polarization optics components are used to prepare the structured light that is focused onto the retina of the participants
in the study. For a complete description of the setup see Appendix A. Translating the mirror along the beam path direction
varies θ(t) in Eq. 5, while the two orientations of the outer quarter wave plate (QWP), β ∈ [0, 180◦], correspond to the two
states (|Ψ+〉 and |Ψ−〉) of Eq. 5. i) The images observed by a CMOS camera placed before the user lens, for both |Ψ+〉 and
|Ψ−〉. It can be noted that azimuthal fringes are not present. The ring features are artifacts from SPP machining and they
are equally present in both images. ii) The images observed by a CMOS camera placed before the user lens when a linear
polarizer (LP) is placed in front of the camera. The seven azimuthal fringes correspond to the phase structure of |Ψ+〉 and
|Ψ−〉, the only notable difference being the 180◦ azimuthal phase shift. The attenuators were removed to obtain the images
shown in i) and ii) and the camera gain was correspondingly optimized. In the study the participants only observed beams
shown in i), and the red circles bound the area (≈ 2◦ of field of vision) with good intensity and high quality phase structure
that the participants were instructed to observe. The two simulated profiles of what the participants were expected to observe
are shown in Fig. 1c under the labels “` = 7” for |Ψ+〉 and “` = −7” for |Ψ−〉.
ei`φ manifests into a space-varying polarization profile.
For the two states of Eq. 5 we can determine the pro-
files that a person would observe using Eq. 4. The two
simulated profiles are shown in Fig. 1c under the labels
“` = 7” for |Ψ+〉 and “` = −7” for |Ψ−〉. Furthermore,
using Eq. 4 we can determine that a person would ob-
serve |` − 2| number of azimuthal fringes when viewing
a beam described by Eq. 5. This can also be deduced
by noting that the eye operator in Eq. 2 possesses a ei2φ
term. The azimuthal fringes arise from the interference
of the two polarization states that are carrying differ-
ent OAM. Therefore a person may discriminate between
the two states of Eq. 5 by observing the number of az-
imuthal fringes: |Ψ+〉 manifests 5 azimuthal fringes and
|Ψ−〉 manifests 9 azimuthal fringes.
To test the hypothesis that human observers can dis-
criminate between the two states of Eq. 5, a psychophys-
ical study was conducted where randomly selected states
(either |Ψ+〉 or |Ψ−〉) were presented and participants
discriminated between the two states based on the num-
ber of azimuthal fringes that they observed. Several fac-
tors helped ensure that the number of azimuthal fringes
was the only cue for discriminating the beams. The setup
used the orientation of the outer QWP to change between
|Ψ+〉 and |Ψ−〉 while keeping the same SPP configura-
tion. This ensured that the circular machining features
noticeable in Fig. 2i were equally present in both cases.
The studies were done without any ambient light and
4FIG. 3. Sensitivity and accuracy for the discrimination task.
Participants each performed 100 trials over two sessions. The
dashed line indicates chance performance. Open bars show
individual participant performance. Circular symbols show
group mean sensitivity (blue: left ordinate) and accuracy
(black: right ordinate). Error bars show 95% confidence in-
tervals. Participants were highly sensitive to the difference
between both trial types, performing significantly better than
chance.
there was a screen (with a 1 inch diameter hole for the
laser light to travel through) before the user lens which
blocked the view of the setup by the participant. Fur-
thermore, the QWP whose orientation determined which
state was being observed was motorized to make an equal
amount of motion between each trial. For a complete de-
scription of the psychophysical procedure see Appendix
C.
After a brief familiarization period, the participants
performed 100 random trials with structured light over
two sessions on separate days. After viewing the stimu-
lus, participants responded in one of two ways, respond-
ing “many” if they observed 9 rotating azimuthal fringes
or responding “fewer” if they observed 5 rotating az-
imuthal fringes. Fig. 3 shows the results for the ten par-
ticipants who completed the study. There was no sta-
tistical difference between the results of session 1 and
session 2, and therefore the data from both sessions were
collapsed for the main analysis.
Sensitivity d′ and response bias c were calculated for
each participant. Percent correct is influenced by both
a participant’s ability to perform the task and the par-
ticipant’s response bias. However, d′ is independent of
response bias and is therefore a more accurate measure
of performance when response bias is present [41]. Data
was analyzed using two-tailed, one-sample t-tests with 9
degrees of freedom against the null value of 0.
All participants achieved performance that is numeri-
cally above chance, and collectively they achieved good
discrimination sensitivity, d′ = 1.7, t(9) = 5.9, p-value:
p = 2×10−4, corresponding to a mean accuracy of 77.6 %
correct. A significant response bias was also observed,
c = −0.2, t(9) = 3.0, p = .02, as participants responded
“many” more often than “fewer”. Fig. 3 also suggests
a bimodal distribution, where half of the participants
achieved near-ceiling performance and the other half ex-
hibited lower scores but remained above chance. There
are no apparent explanations for this subdivision in terms
of gender, age, or vision. We speculate that task perfor-
mance is related to the various degrees of sensitivity that
results from individual differences in the amount of ocu-
lar birefringence and the the organizational structure of
the macula.
To the best of our knowledge these experiments provide
the first exploration and confirmation of humans directly
perceiving and discriminating structured light. Many fol-
low up experiments are enabled given the recent advances
in the control and manipulation of structured light. The
setup in Fig. 2 can be improved by incorporating a spatial
light modulator in place of the SPP. This would allow us
to prepare arbitrary polarization gradients and test the
psychophysical thresholds of human perception of polar-
ization: the sensitivity distribution to a range of OAM
numbers, individual differences in discrimination ability,
and human sensitivity to other forms of structured light
and polarization gradient patterns. Furthermore, opti-
mizing the subjective clarity of the observed image al-
lows us to determine the exact forms of Eq. 2 & 3 for
a particular person. The exact form of the operators is
currently subject to debate [7, 14–16].
Our follow up studies will also explore clinical applica-
tions of structured light perception. We speculate that
structured light can be a highly sensitive probe of cen-
tral visual field dysfunctions and age-related macular de-
generation. Similar to fundus imaging with polarized
light [42, 43] we can devise objective photographic tests
with structured light.
Given the non-separability of Eq. 5 an experiment can
be conducted where the correlations between the two de-
grees of freedom (DOF), polarization and OAM, are con-
firmed with humans as detectors. The rotation of the
profile that would be observed in the following two cases
should be identical: phase shift on the OAM DOF (in-
duced by rotating the SPP) and the phase shift on the
polarization DOF (induced by a properly aligned bire-
fringent material). [44]
I. ACKNOWLEDGEMENTS
This work was supported by the Canadian Excel-
lence Research Chairs (CERC) program, the Natural
Sciences and Engineering Research Council of Canada
(NSERC) grants RGPIN−2018 − 04989, RPIN−05394,
RGPAS−477166, the Collaborative Research and Train-
ing Experience (CREATE) program, and the Canada
First Research Excellence Fund (CFREF). The authors
are thankful to Alex Mitrovic for his help with machin-
ing. D. A. P is thankful to Dusan Mirkovic for useful
discussions.
5II. CONTRIBUTIONS
D. Sarenac postulated the idea. D. Sarenac, C. Ka-
pahi, D. G. Cory, and D. A. Pushin designed and con-
structed the optical setup. I. Taminiau developed the spi-
ral phase plate. D. Sarenac, C. Kapahi, A. E. Silva and
D. A. Pushin optimized the setup according to the sub-
jective perceptions of D. Sarenac and C. Kapahi. Then
A. E. Silva and B. Thompson designed the psychophysi-
cal study. D. Sarenac, C. Kapahi, and A. E. Silva carried
out the study. A. E. Silva and B. Thompson analyzed the
results. All authors contributed to writing the paper.
[1] Jonathan N Tinsley, Maxim I Molodtsov, Robert
Prevedel, David Wartmann, Jofre Espigule´-Pons, Mat-
tias Lauwers, and Alipasha Vaziri, “Direct detection of
a single photon by humans,” Nature communications 7,
12172 (2016).
[2] Selig Hecht, Simon Shlaer, and Maurice Henri Pirenne,
“Energy, quanta, and vision,” The Journal of general
physiology 25, 819–840 (1942).
[3] Greg D Field, Alapakkam P Sampath, and Fred Rieke,
“Retinal processing near absolute threshold: from be-
havior to mechanism,” Annu. Rev. Physiol. 67, 491–514
(2005).
[4] Nam Mai Phan, Mei Fun Cheng, Dmitri A Bessarab,
and Leonid A Krivitsky, “Interaction of fixed number of
photons with retinal rod cells,” Physical Review Letters
112, 213601 (2014).
[5] Rebecca Holmes, Bradley G Christensen, Ranxiao F
Wang, and Paul G Kwiat, “Testing the limits of hu-
man vision with single photons,” in Frontiers in Optics
(Optical Society of America, 2015) pp. FTu5B–5.
[6] Wilhelm Haidinger, “Ueber das directe erkennen des po-
larisirten lichts und der lage der polarisationsebene,” An-
nalen der Physik 139, 29–39 (1844).
[7] Ga´bor Horva´th, Ga´bor Horva´th, and Dezso¨ Varju, Po-
larized light in animal vision: polarization patterns in
nature (Springer Science & Business Media, 2004).
[8] H Walter Forster, “The clinical use of the haidinger’s
brushes phenomenon,” American journal of ophthalmol-
ogy 38, 661–665 (1954).
[9] EJ Naylor and A Stanworth, “The measurement and clin-
ical significance of the haidinger effect.” Transactions.
Ophthalmological Society of the United Kingdom 75, 67
(1955).
[10] Philipp L Mu¨ller, Simone Mu¨ller, Martin Gliem, Kristina
Ku¨pper, Frank G Holz, Wolf M Harmening, and Pe-
ter Charbel Issa, “Perception of haidinger brushes in
macular disease depends on macular pigment density and
visual acuity,” Investigative ophthalmology & visual sci-
ence 57, 1448–1456 (2016).
[11] William A Shurcliff, “Haidingers brushes and circularly
polarized light,” JOSA 45, 399–399 (1955).
[12] Stanley Coren, “The use of haidingers brushes in the
study of stabilized retinal images,” Behavior Research
Methods & Instrumentation 3, 295–297 (1971).
[13] Ga´bor Horva´th, Pe´ter Taka´cs, Bala´zs Kretzer, Szilvia
Szilasi, De´nes Sza´z, Alexandra Farkas, and Andra´s
Barta, “Celestial polarization patterns sufficient for
viking navigation with the naked eye: detectability of
haidinger’s brushes on the sky versus meteorological con-
ditions,” Royal Society Open Science 4, 160688 (2017).
[14] Gary P Misson, “A mueller matrix model of haidinger’s
brushes,” Ophthalmic and Physiological Optics 23, 441–
447 (2003).
[15] Mark Rothmayer, Wolfgang Dultz, Erna Frins, Qiwen
Zhan, Dennis Tierney, and Heidrun Schmitzer, “Nonlin-
earity in the rotational dynamics of haidinger’s brushes,”
Applied optics 46, 7244–7251 (2007).
[16] Gary P Misson, Shelby E Temple, and Stephen J Ander-
son, “Computational simulation of haidingers brushes,”
JOSA A 35, 946–952 (2018).
[17] JC Maxwell, “Manuscript on experiments on the cause
of haidingers brushes,” The Scientific Letters and Papers
of James Clerk Maxwell , 199–204 (1850).
[18] H Von Helmholtz, “Treatise on physiological optics
(1867),” Optical Society of America, Rochester, New
York (1925).
[19] Lo J Bour, “Polarized light and the eye,” Visual Optics
and Instrumentation 1, 310–325 (1991).
[20] Robert W Knighton and Xiang-Run Huang, “Linear bire-
fringence of the central human cornea,” Investigative
ophthalmology & visual science 43, 82–86 (2002).
[21] L. Allen, M. W. Beijersbergen, R. J. C. Spreeuw,
and J. P. Woerdman, “Orbital angular momentum of
light and the transformation of laguerre-gaussian laser
modes,” Phys. Rev. A 45, 8185–8189 (1992).
[22] Konstantin Yu Bliokh, Yury P Bliokh, Sergey SavelEv,
and Franco Nori, “Semiclassical dynamics of electron
wave packet states with phase vortices,” Physical Review
Letters 99, 190404 (2007).
[23] Masaya Uchida and Akira Tonomura, “Generation of
electron beams carrying orbital angular momentum,” na-
ture 464, 737 (2010).
[24] Benjamin J McMorran, Amit Agrawal, Ian M Ander-
son, Andrew A Herzing, Henri J Lezec, Jabez J McClel-
land, and John Unguris, “Electron vortex beams with
high quanta of orbital angular momentum,” science 331,
192–195 (2011).
[25] C. W. Clark, R. Barankov, M. G. Huber, D. G. Cory,
and D. A. Pushin, “Controlling neutron orbital angular
momentum,” Nature 525, 504–506 (2015).
[26] Dusan Sarenac, Michael G Huber, Benjamin Heacock,
Muhammad Arif, Charles W Clark, David G Cory, Chan-
dra B Shahi, and Dmitry A Pushin, “Holography with a
neutron interferometer,” Optics express 24, 22528–22535
(2016).
[27] Dusan Sarenac, Connor Kapahi, Wangchun Chen,
Charles W. Clark, David G. Cory, Michael G. Huber, Ivar
Taminiau, Kirill Zhernenkov, and Dmitry A. Pushin,
“Generation and detection of spin-orbit coupled neutron
beams,” Proceedings of the National Academy of Sci-
ences (2019), 10.1073/pnas.1906861116.
[28] Halina Rubinsztein-Dunlop, Andrew Forbes, MV Berry,
MR Dennis, David L Andrews, Masud Mansuripur, Cor-
nelia Denz, Christina Alpmann, Peter Banzer, Thomas
6Bauer, et al., “Roadmap on structured light,” Journal of
Optics 19, 013001 (2016).
[29] Stephen M. Barnett, Mohamed Babiker, and Miles J.
Padgett, “Optical orbital angular momentum,” Philo-
sophical Transactions of the Royal Society A 375 (2017).
[30] Alois Mair, Alipasha Vaziri, Gregor Weihs, and Anton
Zeilinger, “Entanglement of the orbital angular momen-
tum states of photons,” Nature 412, 313–316 (2001).
[31] Jian Wang, Jeng-Yuan Yang, Irfan M Fazal, Nisar
Ahmed, Yan Yan, Hao Huang, Yongxiong Ren, Yang
Yue, Samuel Dolinar, Moshe Tur, et al., “Terabit free-
space data transmission employing orbital angular mo-
mentum multiplexing,” Nature Photonics 6, 488–496
(2012).
[32] M. F. Andersen, C. Ryu, P. Clade´, V. Natarajan,
A. Vaziri, K. Helmerson, and W. D. Phillips, “Quantized
Rotation of Atoms from Photons with Orbital Angular
Momentum,” Physical Review Letters 97, 170406 (2006).
[33] H He, MEJ Friese, NR Heckenberg, and H Rubinsztein-
Dunlop, “Direct observation of transfer of angular mo-
mentum to absorptive particles from a laser beam with
a phase singularity,” Physical Review Letters 75, 826
(1995).
[34] MEJ Friese, J Enger, H Rubinsztein-Dunlop, and Nor-
man R Heckenberg, “Optical angular-momentum trans-
fer to trapped absorbing particles,” Physical Review A
54, 1593 (1996).
[35] Ward Brullot, Maarten K Vanbel, Tom Swusten, and
Thierry Verbiest, “Resolving enantiomers using the op-
tical angular momentum of twisted light,” Science ad-
vances 2, e1501349 (2016).
[36] N. B. Simpson, K. Dholakia, L. Allen, and M. J. Pad-
gett, “Mechanical equivalence of spin and orbital angular
momentum of light:an optical spanner,” Opt. Lett. 22,
52–54 (1997).
[37] D Sarenac, DG Cory, J Nsofini, I Hincks, P Miguel,
M Arif, Charles W Clark, MG Huber, and DA Pushin,
“Generation of a lattice of spin-orbit beams via coherent
averaging,” Physical review letters 121, 183602 (2018).
[38] Sacha Schwarz, Connor Kapahi, Ruoxuan Xu, Andrew R
Cameron, Dusan Sarenac, Jean-Philippe W MacLean,
Katanya B Kuntz, David G Cory, Thomas Jennewein,
Kevin J Resch, et al., “Talbot effect of orbital angular
momentum lattices with single photons,” arXiv preprint
arXiv:1908.01016 (2019).
[39] International Commission on Non-Ionizing Radia-
tion Protection et al., “Revision of guidelines on limits of
exposure to laser radiation of wavelengths between 400
nm and 1.4 µm,” Health Phys 79, 431–440 (2000).
[40] MW Beijersbergen, RPC Coerwinkel, M Kristensen, and
JP Woerdman, “Helical-wavefront laser beams produced
with a spiral phaseplate,” Optics Communications 112,
321–327 (1994).
[41] Thomas D Wickens, Elementary signal detection theory
(Oxford University Press, USA, 2002).
[42] BF Hochheimer and Henry A Kues, “Retinal polarization
effects,” Applied optics 21, 3811–3818 (1982).
[43] Dean A VanNasdale, Ann E Elsner, Anke Weber,
Masahiro Miura, and Bryan P Haggerty, “Determina-
tion of foveal location using scanning laser polarimetry,”
Journal of vision 9, 21–21 (2009).
[44] Note that the use of single photons instead of laser light
would require an extremely bright single photon source
as the intensity of the light at the location of the user
lens was ≈ 2 nW.
7III. APPENDIX
A. Setup and Stimuli
The detailed schematic of the setup is shown in Fig. 4.
For this experiment we adhere to the guidelines for laser
exposure time outlined by the International Commis-
sion on Non-Ionizing Radiation Protection which state
that the maximum permissible exposure for a human eye
for blue wavelengths is 1 µW/mm2 [39]. Attenuators of
ND=3.5 were placed after the laser in the setup and the
intensity of light was ≈ 2.9 nW before the user lens. It
was confirmed that the power density of light near the fo-
cal spot (near the eye location) was well below the stated
limit. The apparatus was approved for use with human
participants by the University of Waterloo Ethical Re-
view Board following an assessment by the University of
Waterloo Safety Office.
As the clarity of the Haidinger’s brushes peaks for blue
light of ≈ 460 nm wavelength, we used a diode laser with
a central wavelength of 450 nm. A single mode opti-
cal fiber was used to clean the beam which was then
expanded to 1.25 cm diameter via a 2 lens telescope sys-
tem (f1 = 25 mm and f2 = 150 mm). The beam was
then passed through a vertical polarizer. A Michelson
interferometer was used to prepare the states of Eq. 5.
A beamsplitter first creates a coherent superposition of
two paths. One of the paths is reflected by a mirror and
the other path is reflected by a spiral phase plate (SPP).
The SPP was generated out of 4N purity aluminum in an
ultra precision machining center using custom diamond
tooling. Temperature control was kept within 1◦C and
form accuracy was limited by the thermal expansion of
the aluminum due to any thermal drift. The SPP used in
the experiment was originally designed for experiments
with λ = 532 nm. The actual step height of the SPP is
1596 nm, and over a 25 mm aperture the form accuracy
is ±0.5 µm, and the finish is ±15 nm.
A quarter wave plate (QWP) was placed in front of
the SPP in order to induce a polarization flip. Finally
a QWP was placed at the output of the Michelson in-
terferometer in order to prepare the two states of Eq. 5.
The orientation of the QWP determined which output
state was being prepared. Hence this QWP was placed
on a rotation stage. A lens with f = 150 mm was used
to focus the beam onto the retina of the participants.
Several lenses (f= 75, 100, 150, 200, 250, 400, 500 mm)
were tested by authors D. S. and C. K. who determined
based on their subjective perceptions of the structured
light that f=150 mm was the optimal choice.
The mirror was placed on a translation stage in order
to induce a controlled phase shift and hence effectively
rotate the polarization profile. By translating the mirror
along the beam propagation direction we varied θ(t) by ≈
2pi/7 rad/s. This is analogous to rotating the polarization
direction of a beam to induce high clarity Haidinger’s
brush [12].
The participants covered their non-viewing eye with
an eye patch. The headrest included a chin rest with a
variable height and a forehead rest bar. The location of
the user lens was optimized for each participant.
Fig. 2i shows the camera imaged intensity profiles that
were observed. The OAM = −7 inducing 9 fringes was
termed “many” while the OAM = 7 inducing 5 fringes
was termed “fewer”. In the study the participants only
observed beams shown in Fig. 2i, and the red circles
bound the area (≈ 2◦ in field of vision) with good in-
tensity and high quality phase structure that the partic-
ipants were instructed to observe.
B. Participants
Experimental participants were recruited from the In-
stitute for Quantum Computing and the School of Op-
tometry and Vision Science at the University of Wa-
terloo. The complete study involved two experimental
sessions. Participation required written informed con-
sent and all participants received CAD$15 per session in
appreciation for their time. All research procedures re-
ceived approval from the University of Waterloo Office
of Research Ethics and all participants were treated in
accordance with the Declaration of Helsinki.
A total of 12 participants were recruited. Of these, 2
participants did not complete the study. One participant
voluntarily withdrew after reporting that they saw many
floating features which obscured the stimulus during the
familiarization period. The second participant reported
discomfort and so they were immediately removed from
the study. Therefore, 10 participants completed the ex-
periment.
C. Psychophysical Procedure
Participants were tested on a psychophysical discrim-
ination task over two experimental sessions. A familiar-
ization period occurred during Session 1 whereby the par-
ticipants viewed the “many” beam while the mirror in the
setup was translated, inducing a rotation of the pattern
either clockwise or counterclockwise. Participants were
asked to observe the region bounded by the red circles
in Fig. 2i and indicate the direction of rotation. Partic-
ipants began the main experiment after five consecutive
correct answers in the familiarization task.
After familiarization, participants performed the main
psychophysical task. A 5 min dark adaptation period oc-
curred at the start of each session. All participants ob-
served the beam with their preferred eye and the other
eye was patched. Each session was composed of 5 blocks
with 10 trials each. The trials were separated by ≈ 5
sec, and no break occurred between blocks. At the start
of a block, participants observed two alternating presen-
tations of the “many” and “fewer” beams, each lasting
up to 10 seconds. The correct label for each beam was
told to the participants. After completing the alternating
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FIG. 4. Detailed schematic of the setup.
presentations, participants performed the discrimination
task. For each trial a Python 3.6 random number gener-
ator was used to determine which state the participant
would view. Each trial was presented for no more than
15 seconds (excluding the instances where the participant
wished to adjust their position), and the participant ver-
bally indicated the perceived trial type. C. K. was in
charge of initializing the QWP orientation via the mo-
torized stage, and he provided the real-time corrective
feedback to the participant after each trial. D. S., who
did not know the orientation of the QWP in the trials,
was present to answer any questions that the participant
might have during the study. In total, each participant
completed 100 trials across 2 testing sessions (5 blocks ×
10 trials per block × 2 sessions).
